Abstract: Many studies have focused on expanding our knowledge of the structure and diversity of peripheral and central nicotinic receptors. Nicotinic acetylcholine receptors (nAChRs) are members of the Cys-loop superfamily of pentameric ligand-gated ion channels, which include GABA (A and C), serotonin, and glycine receptors. Currently, 9 alpha ( 2-10) and 3 beta ( 2-4) subunits have been identified in the central nervous system (CNS), and these subunits assemble to form a variety of functional nAChRs. The pentameric combination of several alpha and beta subunits leads to a great number of nicotinic receptors that vary in their properties, including their sensitivity to nicotine, permeability to calcium and propensity to desensitize.
INTRODUCTION
The existence of nAChRs was first suggested by Langley in 1905 [1] , when he showed that nicotine could stimulate denervated muscle cells. This observation led Langley to propose the concept of receptor and signal transduction [2] . Since then, there has been a breakthrough in our understanding of these receptors and they are currently well characterized.
The nAChRs are transmembrane oligomeric ligand-gated ion channels of about 300 kDa. They are composed of five subunits ( Fig. 1) , and are divided into 4 subfamilies (I-IV) based on similarities of both gene structure and protein sequence [3] . To date seventeen nAChR subunits have been identified in vertebrate species ( 1-10, ß1-ß4, , and ), and all of them except 8 are expressed in humans and in different mammalian species [4] . Assembly of the various subunits is a tightly regulated process that leads to the formation of various nAChR subtypes that differ in pharmacological properties such as agonist and antagonist sensitivity [5] [6] [7] . In mammals, nAChRs are found in both the peripheral and CNS. Peripheral nAChRs were isolated and characterized in the 1970s, while the existence of central nAChRs was unknown until the early 1980s.
In the periphery, muscular nAChRs are localized in the neuromuscular junction of somatic muscle, whereas neuronal *Address correspondence to this author at the Unidad Asociada Neurodeath, Facultad de Medicina, Avda. Almansa, 14, 02006 Albacete, Spain; Tel: +34680222322; E-mail: valentin.cena@gmail.com nAChRs can be found in ganglionic cells as well as in nonneuronal cells [8, 9] . Muscular nAChRs appear to have a fixed stoichiometry composed of the combination of 4 classes of subunits in which two 1 subunits co-assemble with one ß, and subunit or with one ß, and subunit in embryonic and adult muscle, respectively [4] . Conversely, neuronal nAChRs are composed of only two classes of subunits (only and ß subunits) according to the general [2 3ß ] stoichiometry in which the two -subunits are separated by a -subunit [10] . In addition, homomeric receptors composed exclusively of 7 subunits have also been reported [11, 12] .
Activation of nAChRs by acetylcholine (ACh), nicotine or cholinergic agonist binding induces ion channel opening, allowing positively charged ions to move across it. In general, all nAChRs are permeable to Na + , which enters the cell, and to K + , which comes out the cell, but there are also some subunit combinations that are permeable to Ca 2+ as well [13] . This movement of cations induces the depolarization of the plasma membrane, which results in the activation of voltage-gated ion channels thus evoking an excitatory postsynaptic potential. In addition, Ca 2+ influx mediated by some types of nAChRs can produce neurotransmitter and hormone release. The discovery that nAChRs were widely expressed in the CNS and that they were able to regulate neurotransmitter release and neuronal integration led to an increased research focus on these receptors. Interest increased even further when associations between nAChRs and neurological disorders including PD, AD, schizophrenia or epilepsy were described [13] [14] [15] . More recently, acetylcholinesterase inhibitors, used in the treatment of AD, have been reported to enhance the intrinsic action of ACh on nicotinic receptors, thus supporting a role for nAChRs in preventing neurodegeneration. Therefore, there is a growing interest in the development of drugs able to modulate nAChR functions with optimal therapeutic effects and minimal side effects.
The present review describes the main characteristics of nAChRs in the CNS and focuses on the different compounds that have been tested and are currently in phase I and phase II trials for treatment of PD, AD and age-associated memory and mild cognitive impairment.
NEURONAL ACHRS IN THE CNS

Subunit Composition
Neuronal nAChRs are excitatory neurotransmitter receptors that belong to the gene superfamily of ligand-gated ion channels (LGIC), which also include gamma aminobutyric acid (GABA A and GABA C ), glycine and 5-hydroxytryptamine (5HT3) receptors [8, 16, 17] . Neuronal nAChRs are pentameric structures formed by five subunits assembled surrounding a central aqueous pore that is permeable to Na + , K + , and Ca
2+
. All subunits consist of a large hydrophilic extracellular N-terminal domain, followed by three hydrophobic transmembrane fragments (M1-M3), a large intracellular loop, a hydrophobic transmembrane domain (M4) and the C-terminal part [17] . The general structure of nAChRs is shown in Fig. (1a) . Twelve neuronal nAChR subunits have been cloned and their properties related to cation permeability, activation desensitization kinetics and ligand pharmacology have been characterized [18] . These subunits are designated 2-10 and 2-4 [8] .
Based on binding studies, two main subfamilies of neuronal nAChRs have been identified in the CNS: lowaffinity receptors, -bungarotoxin ( -Bgtx)-sensitive, that bind agonists with low affinity (in the micromolar range) and high-affinity receptors, -Bgtx-insensitive, that bind agonists with high affinity (in the nanomolar range). The -Bgtxsensitive receptors can be homopentameric (made up of the 7, 8 and 9) or heteropentameric (made up of 7 8 or 9 10). However, -Bgtx-insensitive receptors can only be heteropentameric structures formed by a combination of ( 2-6) and ( 2-4) subunits [8] .
The combinations of the various subunits have shown a wide range of physiological and pharmacological profiles and are differentially expressed throughout the nervous system [17] . Most neuronal nAChR subtypes are heteromeric receptors, containing at least one type of subunit and one type of non-subunit. Furthermore, the most abundant heteromeric receptors in the brain are composed of two and three subunits, in particular [( 4) 2 ( 2) 3 ], although the formation of heteromeric nAChRs containing 3 and 2 subunits [( 4) 3 ( 2) 2 ] has also been shown [19, 20] . The [( 4) 3 ( 2) 2 ] has been described as a channel with low ionic selectivity, whereas the [( 4) 2 ( 2) 3 ] has been described as a channel with high ionic selectivity [21] . The most commonly expressed nAChR subtypes in mammalian CNS (approximately 90%) are nAChR 4 2* and 7* nAChR [4] (the structure of the most abundant nAChRs in CNS is shown in Fig. 1b) . The asterisks used in the receptor nomenclature mean that additional neuronal subunits ( 5, 3) may be present in the nAChR complexes modifying the sensitivity to modulators and the pharmacological and biophysical properties of the nAChRs [4] . 5 subunits affect the pharmacological and functional properties of other nAChR subtypes, whereas 3 subunits seem to have a negative effect on the expression of the assembled 3 receptor complex [22] . In addition, it has been shown that nAChRs with the same subtype composition may display different properties depending on the subunit stoichiometries [22] .
The number of agonist binding sites depends on the number of subunits. Thus, homomeric receptors have five identical ACh-binding sites per receptor molecule (one on each subunit interface). However, in the heteromeric nAChRs, ACh and other ligands bind to two identical binding sites located at the interface between an and a subunits. 
Distribution
The regional expression of neuronal nAChRs varies among the different vertebrate species [23] . However, the available data related to the distribution of nAChRs in rodent and mammalian CNS [18] suggest that nAChRs are relatively conserved all the vertebrate species [4] . Fig. (2) shows the localization of nAChR subunits predominantly expressed in various rat brain regions. On the basis of the techniques currently used to examine the localization and distribution of nAChR subtypes within the CNS, it is now well established that the predominant nAChR subunits in the CNS are 4, 2, and 7, whereas 3 and 4 are the most abundant subunits in the peripheral nervous system (PNS) [24] . The most commonly expressed nAChR subtype in the CNS (90%) is the 4 2* receptor, which is characterized by its high-affinity for ACh and nicotinic agonists. In these receptors the 5 subunit is the most common additional subunit and is present in about 20% of 4 2* nAChRs expressed in striatum and cortex [22] . On the other hand the low-affinity ACh binding 7* nAChR is the other major CNS subtype [23] .
The 2 subunit is expressed in almost all CNS regions (Fig. 2) , where its distribution overlaps with at least one of the (2-4, 6) subunits [25] . The 4 subunit is also widely distributed in the CNS where it co-localizes in most regions with the 2 subunit exhibiting both subunits the highest concentrations in the thalamus, hippocampus and cortex [25, 26] . However, in locus coeruleus 2 but not 4 subunit is expressed [27] . Furthermore, the 4 2 subtype constitutes the main nAChR in rat brain areas such as the striatum, cortex, superior colliculus, lateral geniculate nucleus and cerebellum [28] [29] [30] . In fact, 2 or 4 subunit knockout mice lose most of their high affinity binding for nicotinic agonists in the CNS [26, 31] . The 7 subunit is also widely expressed in the brain with the highest expression level in the cortex and hippocampus, whereas the subunit is absent or expressed at low levels in thalamic regions and in the basal ganglia [26, 32] (Fig. 2) .
The distribution of the other nAChR subunits in the CNS appears to be restricted to localized areas of the brain, although in the neuronal population in which they are expressed, they may constitute the main subtypes of AChR. For example, 3 and 4 subunits (highly expressed in the PNS), are localized in CNS regions such as the interpeduncular nucleus, locus coeruleus and the medial and dorsal habenula [22, 23, 33] . The expression of the 2 nAChR appears to be expressed in small amounts in different brain regions including putamen, globus palidus, motor and somatosensory cortex and thalamus with the highest expression in the interpeduncular nucleus, where it is believed to form 2 4* and 2 2* nAChRs [23, 25, 26, 33] . The 5 subunit is expressed in restricted CNS regions, displaying the highest expression levels in the substantia nigra, the ventral tegmental area, the medial habenula, and certain cortical and hippocampal regions [23, 26] . Interestingly, the 4 5 2 subtype is specifically expressed in dopaminergic nerve terminals [23] .
The distribution of subunits 6 and 3 in the CNS is also very limited. The combination of these two subunits is highly expressed in certain regions such as the substantia nigra, the ventral tegmental area (VTA), the locus coeruleus, the retina, the interpeduncular nucleus, the medial habenula and to a lesser extent in the thalamic reticular nucleus [27, 34, 35] . Two major combinations of 6 and 3 subunits have been identified in striatum and rat retina, 6 4 2 3 and 6 2 3 [27] . In addition, it has been reported that the 6 subunit is expressed at very high levels in dopaminergic (DA) neurons [36] , which are usually localized in the striatum. In this area, the 6 subunit co-assembled with the 2 subunit, represents about 20% of the nicotinic striatal receptors while the 4 2* subtype accounts for the remaining 80% [8] . Since the 8 subunit has been only identified in the chick nervous system and the nAChRs containing 9 and/or 10 subunits have not been found in the brain [8] , these subunits will not be discussed in this review.
Knowledge of nAChR subtype distribution is important for correlating receptor subtypes and brain functions or pathologies, which would assist in creating valid animal models of human brain pathologies and finding subtypespecific therapeutic agents.
Function
The AChRs play an important role in many physiological and pathophysiological processes. They are widely expressed in muscle, autonomic ganglia, non-neuronal tissues and CNS. In contrast to the diversity of neuronal nAChRs previously described, muscle AChRs are composed of five subunits with fixed subunit combination: [( 1) 2 1 ] during development and [( 1) 2 1 ] in adults (Wang et al., 2002) . In PNS nAChRs participate in the regulation of blood pressure, heart rate and gastro-intestinal stimulation among other functions.
In the CNS, nAChRs have a dominant "presynaptic" modulatory action that regulates the release of ACh and of almost every neurotransmitter [8, 18, 37] . However, the presence of post-synaptic nAChRs in some areas ( 7*, 4 2* and 3 4*) suggests that they may also participate in regulating cell excitability at the postsynaptic level [32] . The presence of nAChRs in cholinergic neurons indicates that they are involved in many cognitive functions such as learning and memory, motor control, reward, arousal, anxiety and central processing of pain [8, 17, 18, 24] . In addition to the importance of nAChRs in cholinergic neurotransmission, their role as autoreceptors and heteroreceptors regulating the synaptic release of ACh and other neurotransmitters such as dopamine (DA), norepinephrine (NE), serotonin (5-hydroxytryptamine, 5-HT), glutamate (Glu), and gamma--aminobutyric acid (GABA) is very relevant [25, 31, 38] . These neurotransmitter systems regulated by neuronal nAChRs have been proposed as potential therapeutic targets for the treatment of pain, epilepsy, and the main neurodegenerative and psychiatric disorders such as schizophrenia, anxiety, depression, AD, PD and Tourette's syndrome [8, 16, 39, 40] . Furthermore, it is becoming evident that the nAChRs ligands are important for the treatment of drug addiction. Systemic nicotine administration is currently the predominant smoking cessation aid [41, 42] .
INVOLVEMENT OF NACHRS IN NEURO-DEGENERATION
In the CNS, nAChRs may coexist in three distinct areas depending on their distribution on the neuron plasma membrane: receptors can be located on the presynaptic terminal, where they regulate fast synaptic transmission and modulate presynaptic transmitter release; they can be located on the axon (preterminal), where they increase the frequency of postsynaptic currents; and they can be located postsynaptically, where they mediate a general depolarization of the neuron [38, 43] . According to their physiological function, two properties of nAChRs are of special interest: the inward rectification current that results in activity at hyperpolarized or resting potentials and the Na + and Ca
2+
permeability that is particularly important for presynaptic activity. In fact, Na + and Ca 2+ influx through nAChRs is sufficient to depolarize the cell, opening voltage-activated Na + and Ca 2+ channels and to activate different signaling cascades as well as Ca 2+ -dependent Cl -and K + currents. Moreover, as mentioned above, Na + and Ca 2+ influx through nAChRs may activate voltage-gated Ca 2+ channels via the depolarization of the presynaptic membrane, leading to neurotransmitter release. This mechanism is present at cholinergic, dopaminergic, gabaergic, glutamatergic, noradrenergic, and dopaminergic synapses as well as in the autonomic ganglia including chromaffin cells [38, 44] . Thus, it seems that the main role of nicotinic receptors in CNS is the regulation of neurotransmitter release, allowing ACh to participate in improving attention, learning, learned discrimination and memory functions [21, 27, 45] .
Moreover, nicotine has also been reported to play a neuroprotective role in vitro and in vivo. In primary cultures of cortical neurons nicotine prevents the toxicity induced by various insults including glutamate [46, 47] , beta amyloid (Aß) peptide [48] , MPP+ [49] , oxidative stress [50] and rotenone [51] . Similar findings have been described in other neuronal cell types such as nigral dopaminergic neurons [52] or hippocampal neurons [53] . The mechanism involved seems to require the activation of the PI3K/Akt pathway since LY2940002, a PI3K inhibitor, reduced the protective effect of nicotine in cortical neurons. Moreover, nicotine induces upregulation of the antiapoptotic proteins Bcl-2 and Bcl-x through PI3K/Akt activation, thus preventing neuronal death [54] by inhibiting both the caspase-dependent [55] and the caspase-independent [56] apoptotic pathway.
Nicotine neuroprotection seems to be mediated through 4 2 and 7 nAChRs, since 4 2 and 7 selective receptor antagonists have prevented the effects of nicotine [47, 48, 51] . Reinforcing this hypothesis, it has been shown that oxidative stress, which induces lipid peroxidation and cellular toxicity in PC12 cells, also reduces the protein level of 3 and 7 nAChR subunits [57] , and Donepezil, an inhibitor of acetylcholinesterase that modulates nAChR activity, also prevented nuclear fragmentation and glutamate-induced apoptosis via 4 2 and 7 nAChRs [58] . Therefore, the data strongly suggest that the neuroprotection exerted by nicotine and nAChR agonists could be useful in the treatment of neurodegenerative disorders.
The first evidence that the use of nicotinic drugs could be useful in treating neurodegenerative diseases emerged from epidemiological studies developed during early 1960s, which showed a negative correlation between smoking and the incidence of Parkinson's disease (PD) [52, 59, 60] . Currently, more than 50 epidemiological studies have confirmed the low incidence of PD in smokers [61] . The observed inverse relationship between tobacco use and PD led researchers to study the role of nicotine in neurodegenerative diseases in depth. Extensive work showed that nicotine, through nAChRs activation, protected against nigrostriatal damage [62] , and reduced dyskinesias, the major side-effect of Ldopa [63] which is currently the main treatment for PD. Studies performed to determine if nicotine only protected or also restored the integrity of damaged neurons, in rat and monkey PD experimental models, showed that nicotine was not able to restore the integrity of dopaminergic neurons once they have been damaged, but it attenuated ongoing neurodegenerative processes [64] . These findings suggested that nicotine, acting at nAChRs, might reduce PD progression.
Among the many subtypes of nAChRs present in the brain, the most abundant nAChR subtype is 4 2* (more than 90%), which is detected in the cerebral cortex, thalamus, hippocampus, substantia nigra, striatum and cerebellum [22, 65, 66] and the highly expressed 7 homomeric subtype nAChR, found in several CNS areas including substantia nigra [29, 67] , seem to be particularly involved in cognitive functions [23, 45] . Accumulating evidence indicates that the main nAChRs subtypes expressed in the striatum are the 4 2 and the 6 2 receptors, together with a smaller population of 7 nAChRs [68, 69] . Involvement of these receptor subtypes in PD has been extensively studied. Thus, it has been shown that ACh, which is released from cholinergic interneurons in striatum, interacts with 4 2 and 6 2 to modulate dopamine release [70] . In mice and monkey models of PD and also in brains of PD patients, a greater susceptibility to neuronal damage has been observed in neurons containing the 6 2 subpopulation [63] . Moreover, a marked reduction in the number of 6 3* receptors in the dopamine pathway has been documented in PD [71] . Several studies suggest that nicotine-mediated neuroprotection against nigrostriatal damage involves various nAChR subtypes. Studies carried out in 4 nicotinic receptor knock-out mice have shown a loss of nicotinemediated protection against 6-OHDA-induced nigro-striatal damage, thus highlighting the relevance of 4 2 receptors in this process [72] . Similarly, a role for the 6 2 subtype in neuroprotection in 6-OHDA-lesioned rats has recently been described [64] . 6* receptors, highly expressed in substantia nigra, VTA and locus coeruleus, have been shown to be necessary for the effects of dopamine on neuron activity and dopamine-dependent behavioral activities including locomotion and reinforcement [73] . 7 subtype nAChRs have also been involved in PD progression although conflicting results regarding 7 nAChR expression have been found. Administration of 6-OHDA into the striatum or the substantia nigra of mice has been shown to reduce levels of nAChRs while the levels of 7-subtype nAChRs remained unchanged [74] . Similarly, studies performed in brain tissue obtained from PD patients have shown that heterodimeric nAChRs levels decline whereas 7 nAChR levels increase selectively [63, 75] . However, 7 nAChRs have been recently involved in the release of dopamine from striatum and prefrontal cortex in rats supporting a role for these nAChRs in PD [76] . It is possible that the observed up-regulation of 7 nAChRs occurs as a compensatory mechanism to maintain dopamine levels during PD progression.
Nicotine and nAChRs have been also implicated in the progressive decrease in cognitive functions and the loss of short-term memory that characterizes AD [15, 22, 77] . In fact, it was reported earlier that there was a massive cholinergic degeneration in AD that correlated with the decline in cognitive functions [78] [79] [80] . Moreover, nicotine administration to AD patients was shown to produce some improvements in attention and learning [81] .
More recently, a significant loss of nAChRs has been observed in the cortical and hippocampal regions of brain tissue from AD patients, which may represent an early phenomenon in the progression of the disease [15, 15] . Similarly, several authors have reported a decrease in the protein levels of 3, 4 and 7 nAChR subunits in the cortex and hippocampus of AD brains [82] . Moreover, a progressive loss of acetylcholinesterase activity has also been described in AD patients [83] .
Among the many subtypes of nAChRs present in brain, the 7 nAChR is the most commonly expressed receptor in brain areas showing cholinergic degeneration in AD patients and its activation may promote neuronal survival [53, 83, 84] . In addition, A peptide, the main component of the deposits found in the brains of patients with AD [83, 85] , interacts with nAChRs and blocks hippocampal 7 nAChRs [83, 86] . Chronic perturbations of 7 nAChRs could result in neuronal dysfunction and neurodegeneration, whereas stimulation of 7 nAChRs can protect neurons from A peptide-induced neuronal death [87] . Moreover, 7 nAChR activation attenuates Aß peptide synthesis, neurotoxicity and prevents loss of short-term memory in rats [87] [88] [89] . On the other hand, in human aging brain tissue, a widespread decline in nicotinic receptors has been reported, which may be related to mild cognitive impairment. This process may predispose subjects to neurodegenerative disorders such as AD and PD as mentioned above. All these data support a role for nAChRs in neurodegeneration and supports the research on pharmacological modulators of nAChRs for the treatment of neurodegenerative diseases.
PHARMACOLOGY OF NACHRS
Nicotine, through its interaction with nAChRs, is involved in regulating cognitive and memory functions, suggesting that nAChR modulators may have the potential to alleviate cognitive impairment and prevent neurodegeneration. This potential has boosted research efforts to develop agonists for nAChRs over the last decade. Initial strategies were aimed at enhancing the concentration of ACh in brain by administering nicotine or by inhibiting ACh hydrolysis by using acetylcholinesterase inhibitors. Later, strategies were developed to modulate nAChRs in brain by using selective agonists.
The design of pharmacological strategies targeting nAChRs must take into account that these receptors may spontaneously exist in three different conformations: the resting, the active and the desensitized states. Desensitization is a characteristic process that nAChRs suffer, and it is due to prolonged exposure of nAChRs to agonists that causes a progressive, slow and reversible decline of the response following activation of the receptor. In fact, nicotine can both activate and desensitize nAChRs in a relatively short time period, leading to the question of whether desensitization plays a role in nicotine effects [90] . Thus, nicotinic ligands should be viewed as differentially stabilizing the conformational state to which they preferentially bind. Usually, agonists bind to the active state, but show higher affinity for the desensitized state, suggesting that if an agonist induces a sustained desensitization it may become an antagonist [91, 92] .
Nicotine and its Metabolites
Elrod, Buccafusco and Jackson were the first to report that low doses of nicotine could enhance short-term memory in monkeys [93] . Later studies have shown that nicotine improves memory in animals, healthy subjects and AD patients [79, 94, 95] . Thus, intravenous administration of a single dose of nicotine improved visual attention, reaction time and perception [96] , and subcutaneous administration of three acute doses of nicotine to AD patients resulted in shortterm improvement in learning, memory and attention performance [97] . In agreement with this, transdermal administration of 5 mg nicotine to non-smoking healthy elderly people improved short-term verbal memory functions [98] . Similarly, chronic transdermal nicotine administration in patients with AD significantly improved attention performance [97, 99] . In PD animal models, nicotine improved dopaminergic markers and function in injured striatum, but failed to improve task performance in rats or monkeys [100] . The failure was believed to be due to the low doses of nicotine used and to the nonselective effects of nicotine on nAChRs. In PD patients, administration of progressively increasing doses of subcutaneous nicotine induced a marked improvement of their symptomatology [96] . Moreover, nicotine administered as a combination of transdermal patch and gum reduced rigidity, tremor and depression in patients with PD [96] . In addition, it has been recently described that acute transdermal nicotine administration improves controlled semantic processing in non-smoking PD patients, possibly via enhanced expectancy or an inhibitory mechanism [101] .
Despite the beneficial effects observed, nicotine administration is troublesome due to its narrow therapeutic index, gastrointestinal and autonomic toxicity and a steep dose-response curve for cognitive effects, apart from its additive properties [102, 103] . Other negative effects of nicotine administration include alterations in blood pressure and heart rate, mydriasis and inflammatory bowel disease. Conversely, a recent study has demonstrated that transdermal nicotine can be safely administered to non-smoking subjects with mild cognitive impairment over 6 months with improvement of primary and secondary cognitive measures of attention, memory and mental processing [104] .
The observation that a single dose of nicotine with a halflife ranging from 30 minutes to 3 hours induces procognitive effects that lasted over 24 hours suggests that a metabolite of nicotine may be contributing to these sustained effects. Cotinine is the main metabolite of nicotine, with a half-life of approximately 16-20 hours and a safer profile than nicotine since it does not produce cardiovascular or addictive side effects in humans [105] [106] [107] . Even at concentrations as high as 10 times those obtained from cigarette smoking, cotinine showed a safety profile with no acute or withdrawal effects and no significant effects on blood pressure [107] . Cotinine has been characterized as a weak nicotinic agonist able of evoking partial nAChR desensitization [90] . It has been reported that it improves information processing, attention and memory-related tasks function in rats and monkeys [90, 108] . Moreover, cotinine induces the release of dopamine in monkey striatum [109] and it has been recently reported that chronic treatment with cotinine reduces Aß peptide aggregation and improves working memory in AD mice [106] . Taken together, these data support the cotinine molecule as a starting point for novel drug development.
Choline is a product of ACh hydrolysis by acetylcholinesterase that binds to 7 nAChRs [110] and also exhibits neuroprotective properties but with low potency [111] . JWB1-84-1 and JAY2-22-33 are two choline analogs synthesized with the expectation that they would have higher potency than choline and would be useful for cytoprotection in neurodegenerative diseases like AD. In AD transgenic mice (B6C3-Tg (APPswe, PSEN1dE9)85Dbo/J), JWB1-84-1 improved the cognitive symptoms and attention deficits associated with neurodegenerative diseases. In addition, its cytoprotective action may also be beneficial in slowing the progression of AD [112] . This compound also improved the short time memory test Delayed Matching-To-Sample (DMTS) task accuracy by aged monkeys and reversed distractor-impaired accuracies in an attention deficit model in young macaques [91] . On the other hand, JAY2-22-33, but not JWB1-84-1, significantly reduced Aß peptide levels in Neu2a cells, protected against Aß peptide toxicity in rat primary cortical neurons and delayed Aß peptide-induced paralysis in C. elegans [113] , thus exhibiting potential for AD treatment. In addition, JAY2-22-33 exhibited similar properties to JWB1-84-1 in the attention deficit model in young macaques but with less potency [90] . Citicholine is a choline donor, involved in the biosynthesis of brain phospholipids and ACh, used in the treatment of neurodegenerative diseases. Citicholine improves memory performance in elderly subjects with minimal negative effects, and also improves the cognitive and mental performance in Alzheimer's dementia and vascular dementia [114] . The structure of nicotine, ACh, their products of metabolism and the analogs of choline are shown in Fig. (3) .
Inhibitors of Acetylcholinesterase
The primary treatments for AD with proven efficacy are the acetylcholinesterase inhibitors that prevent acethylcoline degradation and prolong its activity in synapses, although their insufficient efficacy and marginal tolerability has limited their clinical utility over the years. The structures of ACh inhibitors are shown in Fig. (4) .
Tacrine, which was shown to improve nAChRs function in AD patients during long-term treatment and seems to slow disease progression, was the first medication approved for symptomatic treatment in AD [15] . However, due to its adverse reactions and poor oral bioavaiability, tacrine has been displaced in the clinic in favor of other acetylcholinesterase inhibitors with improved safety profiles such as Donepezil, galantamine and rivastigmine.
The benefitial effects of the acethylcholinestarase inhibitors on neurodegenerative diseases have been extensively studied. A randomized, double-blind, placebo-controlled trials assessing the efficacy of treatment with acethylcholinesterase inhibitors in dementia with Lewy bodies (DLB), PD with dementia (PDD) and cognitive impairment in PD (CIPD) supports the use of acethylcholinesterase inhibitors in PDD with a positive impact on cognitive functions, behavioral disturbances and daily activities. However, the benefits on DLB and CIPD remain unclear [115] . Similarly a recent review on the clinical effectiveness and cost-effectiveness of donepezil, galantamine and rivastigmine has shown that acethylcholinesterase inhibitors display beneficial effects in alleviating AD symptoms in patients with mild-to-moderate AD, although there is a debate about the magnitude of the effect. Among the acethylcholinesterase inhibitors studied, Donepezil presents the best quality adjusted life-year (QALY) [116] . However, a recent double-blind, placebocontrolled randomized trial of acethylcholinesterase inhibitors in 5149 individuals with mild cognitive impairment shows that these drugs do not modify progression to dementia in these patients, but increase the adverse effects. The main adverse effects reported for acethylcholinesterase inhibitors include gastrointestinal effects like diarrhea, nausea and vomiting, muscle spasms, headache, syncope, dizziness, insomnia and abnormal dreams [117] . It has also been described that acetylcholinesterase inhibitors may also induce cardiovascular side-effects although their effects on the cardiovascular system are still unclear. In this regard, it has been recently described that Donepezil, galantamine and rivastigmine are not associated with cardiovascular toxicity in elderly patients with AD [118] . Donezepil, rivastigmine and galantamine have shown palliative effects on AD symptoms, a tendency to slow disease progression and improve nAChRs function during Citicholine long term treatment [119] , suggesting that the beneficial effects of cholinesterase inhibitors occurred, at least in part, through nAChRs activation [120] . Galantamine was approved by the FDA in 2001 for the treatment of mild to moderate dementia due to AD. It is a reversible inhibitor of acetylcholinesterase, which also acts as an allosterical ligand on the 4 2, 3 4, 6 4 and 7 nAChRs [121] [122] [123] . Increased activity of the cholinergic system in AD patients may be responsible, in part, for the improvement in cognitive functions induced by galantamine. This compound has been also shown to prevent Aß peptide-enhanced glutamate toxicity in cortical neurons, in a mechanism mediated, at least in part, by 7 nAChR [54] . In addition, activation of nAChRs by galantamine results in dopamine release in the VTA and the medial prefrontal cortex [124] . Dopamine release may be another mechanism underlying the therapeutic benefit of galantamine. Donepezil is one of the most common acetylcholinesterase inhibitors used for the treatment of AD. It was long thought that the beneficial effects of Donepezil were exclusively due to acetylcholinesterase inhibition, however, recent evidence suggests that Donepezil may also modulate 7 nAChRs of sustantia nigra dopaminergic neurons as well as cortical neurons and that this modulation may be relevant in neuroprotection and in improving cognition [125] . However rivastigmine, another acetylcholinesterase inhibitor used for the treatment of mild to moderate dementia due to AD or to PD has not been reported to modulate nAChRs [126] [127] [128] .
Agonists of nAChRs
The synthesis and testing of nAChR agonists for AD and PD treatment has been the target of several pharmaceutical companies in collaboration with research groups. All of them have synthesized and tested a great number of analogs of nAChRs, and most of them have shown a good profile for neurodegenerative disorders treatment in vitro. In this review we have selected some of the most promising compounds from different pharmaceutical companies. The structures of some of the agonists for nAChRs that will be discussed are shown in Figs. (5 and 6) .
ABT-418 was the first agonist for nAChRs developed by Abbott Laboratories. This compound is an analog of nicotine in which a 3-methylisoxazol-5-yl moiety replaced the pyrimidine ring of the parent compound. ABT-418 binds with high affinity to the 4 2, 2 2 and 7 subtypes, but not to the 3 4 subtype [128, 129] . In animal studies, ABT-418 induced better effects on locomotor activity, learning and behavior than nicotine, with a larger therapeutic index [130] . In addition, initial studies in healthy humans suggested that ABT-418 was well tolerated, being dizziness and nausea the most frequently reported adverse effects [131] . The promising results obtained in in vitro experiments as well as in rats, monkeys and healthy humans, led Potter and colleagues to test ABT-418 in AD patients, showing that acute administration of this drug could improve performance on cognitive measures in AD. ABT-418 administration improved verbal learning and immediate recall as well as spatial and recognition memory [132] . Unfortunately, ABT-418 did not reproduce these encouraging results in a phase II multi-center trial, likely because of poor pharmacokinetics and tolerability issues [133] . Recently, it has been described that ABT-418 significantly improves memory in an animal model of Attention-Deficit Hyperactivity Disorder (ADHD), increases the expression of the 4 and 2 subunits in the cortex and the expression of the 4 subunit in the hippocampus providing the bases for a possible use of ABT-418 in ADHD treatment [134] .
ABT-594 is a high affinity 4 2 nAChR agonist initially described as a potent, orally active and non-opiate analgesic (Holladay et al, 1998) . Later it was shown that it increases FGF-2 expression in different rat brain regions (Belluardo et al., 1999) and that improved DMTS in young monkeys [135] , suggesting a possible therapeutic role in neurodegenerative disorders. However, ABT-594 is a compound poorly tolerated. The most frequent adverse effects of ABT-594 include nausea, vomiting, dizziness, headache, abnormal dreams and asthenia [136, 137] .
ABT-089 (also known as Pozanicline) is another compound synthesized by Abbott Laboratories that acts as a Fig. (4) . Chemical structure of the main acetylcholinesterase inhibitors. Galantamine and Donepezil are also described to modulate nAChRs whereas Rivastigmine seems to be active only by inhibiting acetylcholinesterase activity. partial agonist for nAChRs with very low intrinsic agonist activity. This compound binds preferentially to 4 2 and 6 2 subtype receptors and it has also been reported to exert cognition-enhancing properties and neuroprotective effects in rats and monkeys [138] . ABT-089 was effective in phase II clinical trials in AD [139] and it was also effective in a limited trial in ADHD in adults, showing improved preclinical tolerability, safety and pharmacokinetics with respect to nicotine or ABT-418 [140, 141] . A recent phase II, randomized, double-blind, parallel-group, placebo-controlled pilot trial has determined that ABT-089 is generally well tolerated at doses up to 80 mg (NCT00640185). The most commonly reported adverse events of ABT-089 were nasopharyngitis, upper respiratory tract infection, and somnolence [142] . Similarly, ABT-894 is a novel subtypeselective nAChR agonist synthesized by Abbott Laboratories in collaboration with the company Neurosearch that has demonstrated a good efficacy and safety profile in a Phase II study in adults with ADHD (NCT00429091, FDA 2010).
The anabaside analog GTS-21, also known as DMXB-A, is a partial agonist of nicotinic receptors that binds to 4 2 and 7 nAChR but only significantly activates the 7 subtype. This drug has completed Phase I trials and it has been tested for cognitive improvements in patients with AD and schizophrenia [143] . In healthy male volunteers, GTS-21 showed statistically significant enhancement of three measures of cognitive function (attention, working memory, episodic secondary memory) compared to placebo [143] . In 2006 a double blind, placebo-controlled randomized study was started to determine the safety and tolerability of GTS-21 in patients with probable AD (NTC 00414622). The study was completed in 2007 but CoMentis has not provided any information yet (see clinicaltrials.gov for more information). In phase II trial, conducted to assess whether the cognitive effects would continue during long-term administration, it was observed that the patients taking the higher dose experienced significant improvement as compared to placebo and showed increased attention/vigilance and working Cl memory. The main adverse reactions reported were nausea and restlessness [144] .
In general terms, the study of the effect of other nAChR agonists with different affinities for distinct nAChR subunits suggests that 7 ligands seem to have more pronounced effects on memory while other nAChR ligands appear to have more robust effects on attention [133] . In addition, positive allosteric modulation of 7 nAChRs has emerged as an alternative approach to the use of direct agonists that could be beneficial in certain populations where smoking nicotine is prevalent [145] .
ABT-107 is a novel nAChR agonist that displays high affinity binding for rat and human 7 nicotinic receptors. ABT-107 exhibited nonlinear pharmacokinetics with a halflife that ranged from 7 to 10 hours achieving a steady-state concentration after 6 days of tretament. The most frequent adverse events include nausea, headache and tremor following a single dose [146] . This compound is still under development for the treatment of AD and cognitive deficits associated with schizophrenia, but preliminary results in pharmacokinetic, safety, and tolerability profiles of ABT-107 suggest that it is a good candidate for further development [146] .
A582941 is another novel 7 nicotinic receptor agonist, with adequate pharmacokinetic properties and excellent distribution to the CNS. It has been reported to improve DMTS accuracies in young adult Rhesus monkeys [135] , and to enhance cognitive performance, short-term recognition memory and memory consolidation in in vivo studies [147] , thus possibly improving cognitive deficits associated with various neurodegenerative disorders. Furthermore, PNU-120596 has been recently described as a potent and selective positive allosteric modulator for the 7 subtype receptor that increases the mean open time of the nicotinic receptor ionic channel and increases the efficiency of 7 nAChRs [148, 149] . PNU-120596 alone or in combination with other 7 nAChRs agonists regulates dopamine and glutamate release in rat brains [76] . Co-administration of the positive allosteric modulator (PAM) PNU-120596 with Donepezil increases its effective dose range in learning/memory-related tasks in different young and age-impaired animal models [150] , suggesting that 7-nAChR-selective PAMs have potential as adjunctive treatments with acetylcholinesterase inhibitors (e.g., Donepezil) for age-related illnesses such as AD as well memory disorders not necessarily associated with advanced age. Further experiments are warranted to determine its potential for neurodegenerative diseases treatment.
TC-5619 is a highly selective agonist for 7 nAChRs recently described. TC-5619 has shown long-lasting enhancement of memory over a wide dose range in rats [151] , and had positive effects across cognitive, positive, and negative symptoms of schizophrenia in animal models [152] . Phase I single rising dose clinical trial in healthy volunteers show that TC-5619 is in general well tolerated up to doses of 600 mg with no clinically noteworthy safety findings [86, 153] . Other phase I and phase II clinical trials have been completed in patients with AD and ADHD but results have not been yet provided by Tagarcept Inc. (for more information visit clinicaltrials.gov and review NCT01254448, NCT01124708).
R3487/MEM3454 also named RO5313534 is an orally active 7 nAChRs agonist that also binds to human 5-HT 3 receptor [154] . This compound increases dopamine and ACh efflux in the rat cortex and hippocampus and is effective in several behavioral paradigms in young and aged rodents [86] . In a phase IIa trial conducted in patients with mild to moderate AD, R3487/MEM3454 showed significant improvements compared with placebo being constipation the only adverse effect observed more frequently [86] (for more information visit clinicaltrials.gov NCT00884507). Another phase I trial was started in 2010 in healthy volunteers to study the effect of memantine on pharmacokinetics, safety and tolerability of RO5313534, but results obtained have not been yet provided by Hoffman-La Roche (for more information visit clinicaltrials.gov and review NCT01196065).
Another novel -7 nAChRs partial agonist is EVP-6124, which is synthesized by EnVivo Pharmaceuticals. In oocytes, EVP-6124 increases ACh-evoked responses, and in vivo it significantly restores memory function in scopolamine-treated rats [155] . EVP-6124 had good brain penetration and an adequate exposure time, and significantly restored memory function and potentiated the effect of Donepezil in scopolamine-treated rats [155] . EVP-6124 is currently being tested in patients with mild to moderate AD in a phase II randomized, double-blind, placebo-controlled study (ClinicalTrials.gov identifier Nº NCT01073228) and also in a phase I double-blind, placebo-and activecontrolled, 3-way crossover study to evaluate the effect of the drug on the QT interval in healthy male and female subjects (ClinicalTrials.gov identifier Nº NCT01487135). A previous randomized, double-blind, placebo-controlled, ascending-dose phase Ib safety study of three different doses of EVP-6124 in patients with mild to moderate probable AD, demonstrated that the most frequent adverse effects at the lowest dose were flatulence, nausea and headache, whereas the highest dose frequently produced gastrointestinal disorders, vomiting, upper respiratory infections and atrial fibrillation (ClinicalTrials.gov identifier NCT00766363).
As it has been previously described that Aß peptide can interact with -7 nAChRs and suppress its activity. S24795 is a novel -7 nAChR agonist able to interact with Aß peptide facilitating its release from the -7 nAChR and restoring the receptor function [156] . JN403 is another novel -7 potent and partial agonist of human nAChR [157] that inhibits the interaction of Aß peptide with 7 nAChRs and prevents the formation of A / 7 nAChR complexes in vivo [158] . SEN12333/WAY-317538 is a novel -7 nAChR recently described. This compound showed an excellent in vitro and in vivo profile, brain penetration and oral bioavailability, as well as in vivo efficacy in several behavioral cognition animal models [86, 159] . These promising results makes SEN12333/WAY-317538 a possible candidate for the treatment of cognitive impairment associated with a variety of disorders including AD and schizophrenia. However, further experiments should be performed to determine its potential in humans. SIB-1508Y (Altinicline) and SIB-1553A are two nAChR agonists synthesized by SIBIA Neurosciences Inc. SIB-1508Y is selective for receptors with a 2 subunit whereas SIB-1553A binds preferentially to receptors with a 4 subunit. Although both drugs stimulate the release of dopamine at cortical and subcortical sites [160, 161] , SIB-1553A appears to be more potent, inducing greater release of hippocampal and prefrontal cortical ACh than either nicotine or SIB-1508Y [161] . Accordingly, the administration of SIB-1553A to MPTP-treated monkeys improved memory and attention in this PD model. The results suggest that at lower doses, SIB-1553A may be more effective in improving attention deficits whereas at higher doses, SIB-1553A may effectively improve both attention and memory performance [162] . In a non-human primate model of early PD, SIB-1553A improved performance on short cue trials in MPTP-lesioned Rhesus monkeys, and when co-administered with levodopa counteracted levodopainduced deficits on long cue duration trials [163] . On the other hand, SIB-1508Y can also increase ACh release from the rat hippocampus without affecting striatal ACh release [164] . These findings suggest that SIB-1508Y may improve behavior by releasing multiple neurotransmitters in different brain regions. However, in a phase II trial performed on 77 individuals with early PD, this compound did not show any antiparkinsonian or cognitive-enhancing effects [165] . SIB-1765F, the racemate of SIB-1508Y, slightly improved the motor and cognitive manifestation of PD, but in combination with L-dopa strongly potentiated its effects on motor cognitive performance by increasing dopamine release from reserpine-sensitive and -insensitive pools [96] .
TC-1734, also named AZD3480 or Ispronicline, was synthesized by the Winston-Salem Company in collaboration with AstraZeneca as monotherapy for mild to moderate AD [166] . TC-1734 was described as a highly selective 4 2 and 2 2 agonist able to stimulate ACh release in a dosedependent manner in the cortex of rats, and to enhance memory in mice [167, 168] . These results led to Phase I clinical trials that showed that TC-1734 had a favorable pharmacokinetic and safety profile by acute oral administration in agreement with the low toxicity previously described in mice rats and dogs [169] . Its pharmacokinetic (PK) profile (half-life of 2 h) contrasts with the long lasting improvement in working memory (18 h ) suggesting that cognitive improvement extends beyond the lifetime of the compound [169] . However, later studies developed in patients with mild to moderate AD have provided mixed results. Various Phase II trials have shown significant enhancement of several cognitive measures (attention and episodic memory) compared to placebo [166, 170] . However a recent Phase IIb dose-finding study did not find a statistically significant improvement in AD Assessment Scale-Cognitive Subscale (ADAS-Cog) in TC-1734-treated patients, although researchers found improvements in several secondary outcomes measures including Disability Assessment for Dementia (DAD), Mini Mental State Examination (MMSE) and AD Cooperative Study-Clinical Global Impression of Change (ADCS-CGIC), especially for the highest dose assayed [171] . Similarly, a recent study performed in 440 patients with stable schizophrenia who were active cigarette smokers has reported that TC-1734 failed to improve cognition relative to placebo [172] .
In the last years, a novel approach in the regulation of nAChRs agonist has emerged consisting in modulating selectively the 4 2 nAChR via positive allosteric modulation. Co-administration of an allosteric agonist with a direct agonist of nAChRs has been shown to selectively enhance the potency of the direct agonist without increasing the adverse effects. This is the case of NS9283, a positive allosteric modulator of 2-and 4-containing nAChRs, that increases the analgesic efficacy of ABT-594 [173] . Moreover, NS9283 has been shown to improve performance in a rat model of episodic memory, a rat model of sustained attention, and a rat model of reference memory [174] , suggesting that positive allosteric modulation of nAChRs could constitute a promising therapeutic approach to the treatment of cognitive impairment.
NS3956 is novel 4 2-selective partial nAChR agonist able to activate both HS and LS subtypes of 4 2 receptors [175] . NS3956 has been recently described to increase the release of dopamine in a concentration-dependent manner in rat striatum, and to increase rotational behavior in 6-OHDA lesioned rats [21] .
FUTURE PERSPECTIVES
Despite the efforts over the last twenty years to find new therapeutic strategies based on nAChRs for neurodegenerative disorders, only varenicline, a partial agonist of the 4ß2 nAChR and a full 7 agonist nAChR, has been approved for human administration, and only as a nicotine replacement therapy [133] . Other potential indications for nAChRs modulation are still pursued with full, partial agonist ligands or allosteric modulation that may gain increased attention in the future.
To date, nAChR-targeted clinical candidates have not shown enough success to warrant further development, due to poor oral bioavailability, side effects, and/or a lack of efficacy. Therefore, a challenge in nAChRs drug design and development remains. Efforts should be aimed to improve knowledge of the expression and stoichiometry of human nAChRs subtypes that will allow us to design compounds with specific stoichiometry preferences. This would open the door to achieve specificity of action with reduced undesirable side-effects that actually include cardiovascular toxicity, emesis, seizures, and hypothermia, which result from activation of specific nAChRs in the CNS and PNS.
In this sense, accumulating evidences indicates that 4ß2, 6ß2 and 7 nAChRs are the main subtypes involved in the improvement of attention and cognition as well as in the neuroprotective and antidepressant properties exerted by nicotine.
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